We describe wavelength-routed switching technology for 25-Gbit/s optical packets using a tunable transmitter that monolithically integrates a parallel-ring-resonator tunable laser and an InGaAlAs electroabsorption modulator (EAM). The transmitter provided accurate wavelength tunability with 100-GHz spacing and small output power variation. A 25-Gbit/s burst-mode optical-packet data was encoded onto the laser output by modulating the integrated EAM with a constant voltage swing of 2 V at 45 • C. Clear eye openings were observed at the output of the 100 GHz-spaced arrayed-waveguide grating with error-free operation being achieved for all packets. The tunable transmitter is very promising for realizing a high-speed, large-port-count and energy-efficient wavelengthrouting switch that enables the forwarding of 100-Gbit/s optical packets. key words: tunable laser, electro-absorption modulator, optical packet switching, photonic integrated circuits
Introduction
The rapid increase of data traffic in optical communications networks due to the widespread use of the Internet and Internet-related services has led to a need for largecapacity and low-power-consumption nodes with various traffic-engineering capabilities. In particular, current intradata center networks based on electrical switches/routers face a continuous increase in network traffic due to the rise of cloud computing and other emerging web applications, and require excessive power levels to sustain the traffic increase [1] . Optical packet-switched networks (OPS-NWs) that rely on optical packet routers are considered a potential solution that can maximize the flexibility and throughput of the network owing to the packet-level granularity [2] - [4] . However, the implementation of OPS-NWs requires optical routers that surpass the performance of current electrical routers.
We have previously constructed an 8 × 8 hybrid optoelectronic router (HOPR) prototype that combines the strength of optical and electrical technologies [5] . We demonstrated error-free routing of 10-Gbit/s asynchronous arbitrary-length optical packets together with high-level functions such as Quality of Service (QoS) provisioning and packet multicasting, while achieving low power con- Manuscript sumption and low latency. One of the key devices in HOPR is a high-speed N × N optical switch operating on a packet-by-packet basis for forwarding incoming optical packets to desired output ports [6] . An N × N optical switch in an optical router should ideally have small size, low power consumption, high-speed switching capability, data-format transparency, high reliability and scalability, as well as ease of control and low cost. Aiming at realizing such an ideal optical switch, so far, a variety of optical switching technologies have been proposed, including optical switches consisting of cascading 1 × 2/2 × 2 switches in crossbar/tree/Benes/Banyan architecture [7] , broadcast-andselect switches [8] , wavelength-routing switches [9] and phased-array switches [10] . Among these optical switching technologies, the wavelength-routing switch is attractive as its port count can be increased without additional loss, and would thus allow a higher throughput. Figure 1 shows the architecture of the N × N wavelength-routing switch being developed for 100-Gbit/s (25-Gbit/s × 4λ) optical packets. The switch consists of tunable wavelength converters (TWC), a cyclic arrayedwaveguide grating (AWG), and fixed wavelength converters (FWC). Within the switch, the label-swapped packet first enters TWC consisting of a tunable laser and an array of four burst-mode receiver front-ends (APD-TIAs), together with driver amplifiers, and electro-absorption modulators (EAMs). The tunable laser output is divided into four parts, modulated by the EAMs, and connected to four planes of wavelength-cyclic AWGs. Control signals from the scheduler tune the wavelength of the laser to enable the desired path across the AWGs. Having the AWGs equipped with a 
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⃝ 2014 The Institute of Electronics, Information and Communication Engineers tunable laser at each input port enables non-blocking N × N wavelength-based switching. The packet data encoded onto the tunable laser output is routed to the desired AWG output port, and then received by the FWC that consists of an APD-TIA equipped with a driver amplifier, and an EA-DFB laser; to convert the signal wavelength back to the original input wavelength. Within the TWC, the wavelengths of optical packets are changed on a packet-by-packet basis, thus the lasing wavelength of the tunable laser should be tuned within several nanoseconds. So far, several types of tunable lasers have been demonstrated, including the sampled-grating/super-structure-grating distributed-Braggreflector (SG/SSG DBR) lasers [11] , [12] , digital supermode (DS) DBR lasers [13] , modulated grating Y-branch (MGY) lasers [14] , and grating coupler with rear sampled grating reflector (GCSR) lasers [15] . These lasers have a common tuning mechanism based on the free-carrier plasma effect produced by current injection, which changes the refractive indices of the tuning sections. However, the lasingwavelength drift caused by the transient thermal effect remains a problem [16] . The wavelength drift has a much longer response time (millisecond order) compared to the mechanism employed for fast tuning.
In our previous work, a double-ring-resonator tunable laser (DRR-TL) was developed for use as a high-speed tunable light source [17] . Compared to the DBR-type filters, the ring-resonator filters employed in the cavity of the DRR-TL exhibit superior filtering characteristics in addition to the advantage of having a compact structure [18] , [19] . These characteristics include a narrower transmission bandwidth with a Lorentzian-type filter response and an infinite number of resonant peaks in the transmission spectrum. The rapid (less than 11 ns) and stable wavelength tuning (wavelength drift of less than 5 GHz) achieved by the low tuning current of the DRR-TL enables the realization of a fast, scalable, and low-power N × N optical switch [17] , [20] . A shortcoming of the DRR-TL is that the output power varies during tuning due to the free-carrier absorption.
To solve this issue, we have recently developed a parallel-ring-resonator tunable laser (PRR-TL) [21] . The PRR-TL provided small output power variation of less than 1 dB over a wide tuning range of 35 nm. As a proof of concept, a transmitter that monolithically integrates the PRR-TL with an InGaAlAs EAM was developed. Error-free operation at 25 Gbit/s with a dynamic extinction ratio of more than 10 dB was achieved with a constant voltage swing of 2 V over a tuning range of 25.7 nm under the semi-cooled condition (45 • C) [21] .
In this paper, we review the tunable transmitter that enables high-speed wavelength switching operation. We demonstrate error-free 1×4 optical packet switching, for 25-Gbit/s burst-mode optical packets of different lengths (20-100 ns), by using a 100 GHz-spaced AWG and the transmitter. This paper is organized as follows. Section 2 describes the operation principle and the fabrication of the transmitter in which the PRR-TL and EAM are monolithically in- tegrated. Section 3 describes the high-speed wavelengthrouted switching operation for the 25-Gbit/s optical packets. Section 4 summarizes the main points. Figure 2 shows a photograph of the fabricated tunable transmitter consisting of the PRR-TL and an EAM. The PRR-TL includes a gain section, a phase-control section and two ring resonators placed in parallel with slightly different free spectral ranges (FSRs) designed as 200 and 222 GHz, respectively. The laser cavity of the PRR-TL is defined by an etched mirror [22] used as the front mirror and a reflective filter section. More about the structure and design of the etched mirror can be found in Ref. [20] . In the filter section, each ring resonator plays the role of a wavelength selective filter as well as a loop-mirror in a Mickelson interferometer that is a part of the laser cavity.
Tunable Transmitter
In our previous work [17] , two ring resonators were cascaded as shown in Fig. 3(a) . In that DRR filter, the wavelength tuning range ∆λ is expanded by the Vernier effect. ∆λ is expressed as
where FSR1 and FSR2 are the FSR of Ring1 and Ring2, respectively. M and N are the number of resonance peak spacings within ∆λ of Ring1 and Ring2, respectively, and are written as,
On the other hand, in the PRR configuration ( Fig. 3(b) ), the filter produces constructive (in-phase) and destructive (out-of-phase) interferometric characteristics in the reflection spectrum. Figure 4(a) shows the calculated reflection spectrum from the PRR filter section. In this calculation, FSR1 and FSR2 are set as 200 GHz and 222 GHz, respectively. The interferometric characteristics can be seen repeated every 2∆λ. Figure 4(b) shows a schematic diagram of a single ring resonator and Fig. 4(c) shows the calculated transmittance and relative phase for the drop port of the ring resonator. The ring resonator raises a phase difference of π between its peak wavelengths. Even if the ring resonator is a part of the loop mirror by connecting the input and drop port to the 2 × 2 coupler as shown in Fig. 3(b) , the transmission and phase characteristics of the ring resonator are maintained. Thus, the tuning range is double that of the DRR filter with the same FSRs due to the difference between M and N as given in Eq. (4).
In the PRR filter, the light passes through the ring resonator only once compared to four times in the DRR filter. Therefore, the PRR filter is expected to have a larger reflectivity than the DRR filter. Figure 5(a) shows the calculated filter loss for the PRR and DRR filters as a function of the propagation loss of the waveguide composing their ring resonators. In this calculation, FSR1 is set to be 200 GHz with an M of 10 for the DRR filter, and an M of 5 or 10 for the PRR filter. The filter loss increases with propagation loss for both the DRR and PRR filters, however the filter loss is clearly lower for the PRR filter. One possible disadvantage of using the PRR configuration may be the low wavelength selectivity due to the small count of light pass through the ring resonator. The peak-reflectivity difference ∆R between the resonant peak and its adjacent peak (Fig. 4 ) must be high enough for stable lasing, because a low ∆R would result in a small side-mode suppression ratio (SMSR) of the tunable laser. Figure 5(b) shows the calculated ∆R value for the PRR and DRR filters as a function of the propagation loss of their waveguides. FSR1 and M are the same in the calculation shown in Fig. 4(a) . Compared to the DRR filter, the PRR filter with the same M has a small ∆R. However as could be seen from Eq. (1), the PRR filter which provides twice the tuning range of the DRR filter, can be set to have half the value of M of the DRR filter while keeping the same ∆λ. In this case, the PRR filter provides a lager ∆R than the DRR filter as shown in Fig. 5(b) ; hence improving the filter performance.
For the PRR-TL section, a stack-layer structure is used [17] , in which a layer of InGaAsP multiple-quantumwells (MQWs) with upper and lower separate-confinement hetero-structure (SCH) layers are grown on top of a 0.3 µm-thick InGaAsP layer (λ g = 1.4 µm) for the active section. The length of the gain section is 400 µm. The gain and phase sections have a shallow-ridge waveguide structure whereas the ring resonators have a deep-ridge one [17] . On the other hand, InGaAlAs MQWs are used in the EAM section to achieve 25-Gbit/s operation with a sufficient extinction ratio over a wide wavelength range. These MQWs have a large conduction band offset and a small valence band offset compared with InGaAsP MQWs; resulting in a steep extinction curve and large E/O frequency bandwidth [23] . The EAM section composed of InGaAlAs MQWs is directly butt-jointed to the PRR-TL section. This enables fabrication with only one additional re-growth step after the formation of the PRR-TL section, and allows the independent design of the PRR-TL and EAM. The PRR-TL and EAM sections were designed with epitaxial structures optimized to have the transmitter operating in the C-band. The EAM section has the same shallow-ridge waveguide structure as the gain and phase sections. The length of the EAM section is 150 µm. The EAM section is buried with BCB to reduce the capacitance of the EAM section, and thereby the frequency bandwidth is extended up to 39 GHz [23] . The electrodes are then formed by a liftoff process. Figure 6 shows the superimposed lasing spectra of the transmitter operating in a CW mode at 45 • C. The current injected to the gain section was kept constant at 100 mA. The lasing output was coupled into a lensed fiber and detected with an optical spectrum analyzer. By tuning the current of Ring1, Ring2, and phase control section, 24-channel lasing operation with 100-GHz channel spacing was achieved with a side-mode suppression ratio larger than 40 dB. The result indicates that the laser is promising for a large-port-count wavelength-routing switch. Figure 7 (a) illustrates the experimental setup for demonstrating 1 × N optical packet switching. Dynamic wavelength switching was performed by modulating the current injected only to Ring2 with a multi-level voltage signal generated by an arbitrary waveform generator. A 25-Gbit/s burst-mode optical packet stream containing four repeated packets (packet 1-4) with various lengths (20-100 ns) and an inter-packet guard band of 20 ns was generated by modulating the EAM with a DC bias level of −1.7 V and voltage swing of 2.0 V. The packets have non-returnto-zero (NRZ) format with a 2 7 − 1 PRBS pattern. The optical packet stream was fed into a 16-channel 100 GHzspaced AWG to perform 1 × N optical packet switching. In this experiment, four channels (output 8, 10, 14, and 16) of the AWG were employed ( Fig. 7(b) ). Figure 8(a) shows the packet waveforms at the transmitter output, indicating small output power variation among packets due to the small free-carrier-absorption loss in the ring resonators that is still limited even at high-speed switching. Figure 8 (b)-(e) show the waveforms of the packets output from different AWG ports, whereas Fig. 9(a) shows the eye diagram of each output packet in which clear eye openings were observed. As shown in Fig. 9 (b) error measurement was done for each packet individually; confirming the error-free operation at 25-Gbit/s optical packet switching.
Switching Demonstration

Summary
We have described a 25-Gbit/s, 1 × 4 wavelength-routed optical packet switching based on a tunable transmitter that monolithically integrates a PRR-TL with an InGaAlAs EAM. The PRR-TL provided accurate wavelength tunability with 100-GHz spacing and small output power variation. PRBS data was encoded onto the TL output by modulating the integrated EAM with a constant voltage swing of 2 V at 45 • C. Clear eye openings were observed for the four output ports of the AWG, and error-free operation was achieved for the packets at all wavelengths. The results clarify that the tunable transmitter is very promising for realizing a high-speed, large-port-count and energy-efficient wavelength-routing switch that enables the forwarding of 100-Gbit/s optical packets.
